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ABSTRACT 


Transfection  of  Bacillus  subtills  168  with  low  concentrations 
of  SP-18  phage  DHA  (molecular  weight  “lx  10®)  was  enhanced  by 
using  recipient  cells  at  a  concentration  of  2  x  10' /mi  rather  than 
the  usual  2  x  10® /ml.  At  low  DHA  concentrations,  the  slope  of  the 
dose-response  curve  was  >1  at  the  high  recipient  cell  concentra¬ 
tion,  but  the  slope  was  ■  1  at  the  low  recipient  cell  concentration. 
A  similar  effect  was  shown  with  SP-82  DHA,  01  DHA,  and  025  DHA,  all 
having  molecular  weights  of  approximately  1  x  10®.  However,  029 
DHA  (molecular  weight  ■  2.)  x  10')  gave  a  first -order  dose-response 
curve  at  both  high  and  low  recipient  cell  concentrations.  We 
Interpreted  our  observations  as  Kelly  hypothesised  for  the  preserva¬ 
tion  of  marker  linkage  in  transformation;  l.e.,  the  lower  concentra¬ 
tion  of  recipient  cells  resulted  in  fewer  DHA  molecules  being 
fragmented  as  a  result  of  attaching  to  two  cells.  This  interpreta¬ 
tion  of  transfection  enhancement  is  different  from  the  previous 
explanation  as  an  inhibition  of  an  Intracellular  inactivation 
process. 
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I,  INTRODUCTION* 


In  our  studies  to  determine  vhy  the  infectivity  of  SP-18  phage  DMA 
was  nonlinear  at  low  DNA  concentrations,  we  observed  that  dilution  of 
the  recipient  cells  greatly  increased  the  number  of  transfectants  obtained 
with  low  concentrations  of  SP-18  DMA. 

Our  observation  was  similar  to  that  reported  by  Kelly1  *  which  the 
use  of  dilute  suspensions  of  competent  cells  preserved  the  linkage  of 
various  sutrkers  in  transformation.  We  felt  it  worthwhile  to  expend  this 
observation  and  to  study  the  use  of  diluted  recipient  cells  for  trans¬ 
fection  by  DNA  of  various  bacteriophages. 


II.  MATERIALS  AM)  METHODS 


Phage  SP-18  was  Isolated  from  soil  by  Dr.  Ivan  D.  Goldberg  in  this 
laboratory.  Phages  01,  025,  and  029  were  described  by  Reilly  and  Splslxen,* 
and  phage  SP-82  was  described  by  Green.3  All  phage  suspensions  were 
assayed  on  phage  assay  agar  (PA)  seeded  with  10®  Bacillus  subtllis  168 
(lnd~ )  spores  as  described  by  Thorne.4  Cultures  of  g.  subtills  168  (lnd~) 
were  used  to  prepare  SP-18,  01,  025,  and  029  in  TY  broth*  and  SP-82  in 
H  broth.8 

Phage  DNA  was  extracted  by  a  modification  of  the  phenol  technique 
of  Hands  11  and  Hershey.^  The  DMA  was  dialysed  for  22  hours  at  5  C 
against  0.1$  H  RaCi  and  0.01S  K  citrate  (SSC)  at  pH  8.0  to  remove  the 
phenol  and  was  stored  at  5  C.  DMA  was  determined  by  the  method  of  Burton.' 
All  DMA  preparations  were  tested  for  contamination  with  bacteria  or  viable 
phage  by  spreading  samples  on  nutrient  agar  and  by  plating  samples  (after 
treatment  with  50  ug  of  deoxyribonuclease)  in  PA  agar  seeded  with  10® 
g.  subtllis  168  ( ln<T )  spores.  Serial  twofold  dilution#  of  the  DMA  prepara¬ 
tions  wars  made  in  SSC. 

Competent  cells  of  g.  subtllis  168  (jjjjf)  were  grown  essentially  by 
the  procedure  of  Anagnostopoulos  and  Spislsen.*  Transfections  were 
carried  out  in  18-  by  100 -an  tubes  containing  1  ml  of  recipient  culture 
(approximately  2  x  10®  or  2  x  107  cells)  end  0.1  ml  of  DMA,  The  tubes 
were  Incubated  for  45  minutes  In  s  slanted  position  an  e  reciprocal  shaker 
at  37  C.  Pancreatic  deoxyribonuc lease  (IX  crystallised,  Worthington)  wee 
added  (50  ug  in  0.05  ml)  end  incubation  wee  continued  for  5  minutes. 
Infectious  centers  were  scored  against  168  ( lnd~ )  by  the  eoft  eger  overlay 
method  in  PA  eger. 

*  This  report  should  not  be  used  as  s  literature  citation  in  material  to  be 
published  in  the  open  literature,  leaders  Interested  In  referencing  the 
information  containad  herein  should  contact  the  senior  author  to  ascertain 
when  end  where  it  may  appear  in  citable  form. 
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III.  RESULTS 


SP-18  PSA  » bowed  a  first-order  relationship  between  DNA  concentration 
and  Infectivlty  in  the  region  from  approximately  2  to  40  p.g/ol,  but  at  DBA 
concentrations  below  2  ng/ml  the  infectivlty  was  greater  than  first  order 
(Fig.  1).  To  determine  the  relationship  between  infectivlty  of  SP-18  DNA 
and  cell  concentration,  we  made  serial  twofold  dilutions  of  the  recipient 
cells  in  the  presence  of  DNA  at  10  Mg/ml  and  1.25  tig/ml  (Fig.  2).  ,  At 
1.25  M-g  DNA /ml,  maximum  transfection  was  demonstrated  with  2  x  10/  cells/ 
ml;  store  or  fewer  cells  resulted  in  fewer  transfectants/ml. 


Tie  effect  of  SP-18  DNA  concentration  on  infectious  center  formation 
at  recipient  cell  concentrations  of  approximately  2  x  10®  and  2  x  10? 
cells/ml  is  shown  in  Figure  3.  The  dose-response  curve  at  the  high  cell 
concentration  was  the  same  aa  that  in  Figure  1,  but  at  the  low  cell  concen¬ 
tration,  the  dose-response  curve  remained  first-order  in  the  region  from 
about  0.2  to  2  ug/ml.  This  resulted  in  a  higher  percentage  transfection 
with  a  cell  concentration  of  approximately  2  x  107  cells/ml;  e.g.,  at  a 
DNA  concentration  of  0.2  ng/ml,  the  transfection  obtained  with  2  x  107 
cells/ml  wss  swire  than  300Z  that  obtained  with  2  x  10®  cells/ml. 


The  increase  in  percentage  transfection  obtained  with  diluted  competent 
168  (inf)  cells  could  be  explained  if,  in  diluting  the  cells,  we  also 
diluted  s  competence  inhibitor  or  extracellular  nuclease.  To  test  this 
possibility,  competent  168  find")  cells  were  washed  to  get  rid  of  any 
extracellular  competence  inhibitor  or  nuclease.  However,  the  dose-response 
curves  from  washed  cells  (Fig.  4)  were  the  same  as  those  obtained  from 
nonvashed  cells  (Fig.  3).  An  alternative  explanation  for  our  observed 
increase  in  percentage  transfection  with  diluted  recipient  cells  was  the 
hypothesis  presented  by  Kelly*  that  a  DNA  molecule  might  adsorb  to  more 
than  one  bacterial  cell  at  tha  sax*  time,  resulting  in  fragmentation  of 
tbe  molecule.  Dilution  of  the  competent  cells  would  lowsr  the  chance  of 
a  DNA  molecule  adsorbing  to  more  than  one  cell,  lowering  fragmentation, 
and  thereby  increasing  transfection. 

To  detersdna  if  tha  use  of  diluted  recipient  cells  affected  transfection 
with  other  phage  DNA,  we  tested  phage  SP-82,  whose  DNA  has  s  molecular 
weight  (1.3  x  108)  similar  to  that  of  SP-18  DNA  (1.0  x  108).  SP-82  DNA 

does  not  give  a  first-order  dose-response  curve  in  any  region  of  DMA  con¬ 
centrations  unless  an  enhancement  mechanism  is  used.*0  However,  when  s 
recipient  cell  concentration  of  approximately  2  x  IQ7  was  used,  we  obtained 
a  first-order  dose  response  with  SP-82  DNA  (Fig.  5).  If  large  DNA  molecules 
were  fragmented  by  adsorption  to  more  than  one  recipient  cell,  we  would 
expect  smaller  DNA  molecules  to  be  less  affected.  To  test  this,  we 
measured  transfection  with  #29  DNA,  which  has  a  molecular  weight  of  2.5  x  ID7. 
The  #29  DNA  gave  e  first-order  relationship  between  DMA  concentration  and 
infectious-  enter  formation  at  the  seme  DMA  concentrations  for  both  high  and 
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FIGURE  3,  Effect  of  SP-18  DIM  Concentration  and  Recipient  Cell 
Concent ration-on  Formation  of  Infectloue  Centers.  0  “  approxi¬ 
mately  2  x  10'  recipient  cellt/ml,  A  -  approximately  2  x  10® 
recipient  cellc/ml. 


low  recipient  cell  concentration  (Pig.  6).  Our  Interpretation  vac  that 
tranc faction  with  low  molecular  weight  ©29  OKA  wan  not  affected  bp  f ragmen 
Cation  of  the  DBA  molecule*  resulting  from  adsorption  to  more  than  one 
recipient  cell.  Concentration*  of  ©29  DKA  lover  than  those  shown  In 
Figure  6  gave  a  dose-response  curve  with  a  slope  >1  at  both  high  and  low 
recipient  cell  concentrations. 

To  show  that  the  first-order  dose  response  obtained  with  low  concen¬ 
trations  of  recipient  cells  was  not  unique  to  SP-18  DM  and  SP-82  DKA,  we 
transfected  high  and  low  recipient  cell  concentrations  with  #1  DKA  and 
025  DKA,  both  having  molecular  weights  of  1  x  10®.  The  results  (Fig.  1 
and  8)  supported  our  previous  observations  with  high  nolecular  weight  DKA; 
we  obtained  a  first-order  dose-response  curve  with  the  lew  recipient  cell 
concentrations  but  not  with  the  high  recipient  cell  concentration. 

When  phage  DKA  concentrations  higher  than  there  shows  were  added  to 
high  recipient  cell  concentrations,  we  observed  a  flattening  of  the  dose- 
response  curve  or  saturation  of  the  system.  Xt  must  be  emphasized  that  a 
first-order  do#*  response  from  SP-82,  01,  and  025  DKA  was  obtained  only 
with  lav  recipient  cell  concentrations. 


Microgram*  DNA/m! 


FIGURE  6.  Effect  of  029  DIM  Conceit  tret  ion  end  Recipient  C'll 
Concentration  on  Forastlon  of  Infectious  Centers.  O  “  appro* 
metely  2  x  107  recipient  cell*/al,  A  «  epproxinetely  2  *  108 
recipient  celle/ml. 
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IV-  DISCUSSION 


Our  observations  can  be  interpreted  to  support  Kelly's  hypothesis1 
that  "at  low  concentrations  of  high  molecular  weight  DNA,  molecules 
normally  attach  to  and  are  Integrated  into  more  than  one  recipient  cell." 

The  dose-response  curves  from  SP-82,  01,  and  025  DNA  using  high 
recipient  cell  concentrations  went  from  saturation  to  curves  with  slopes 
>1.  There  was  no  intermediate  DNA  concentration  where  a  first-order 
dose  response  was  obtained. 

The  first-order  dose-response  curves  from  SP-18  DNA,  SP-82  DNA,  01 
DNA,  and  025  DNA  that  we  observed  at  low  concentrations  of  recipient 
cells  change  to  greater  than  first  order  at  the  lowest  DNA  concentrations. 
The  most  probable  explanation  for  this  change  is  loss  of  contact  with  the 
recipient  cells  by  the  dilute,  high  molecular  weight  DNA,  resulting  in 
fewer  infections  being  initiated. 

SP-18  DNA  gave  a  first-order  dose  response  at  both  high  and  low 
recipient  cell  concentrations,  but  not  at  the  same  DNA  concentration. 

SP-82  DNA,  01  DNA,  and  025  DNA  gave  first-order  dose  responses  only  at 
low  recipient  cell  concentrations.  The  genomes  of  these  three  phages 
may  have  weak  points  making  them  more  susceptible  to  fragmentation. 

SP-82  DNA,  which  normally  shows  a  dose-response  curve  with  a  slope  >1, 
has  been  reported  to  show  a  dose-response  curve  with  a  slope  of  one  under 
certain  conditions.  Green11  obtained  a  first-order  curve  with  SP-82  by 
the  use  of  helper  phage,  and  he  hypothesized  that  preinfection  with 
mutant  helper  phage  inhibited  the  intracellular  inactivation  process 
that  he  felt  was  responsible  for  the  dose-response  curve  with  a  slope  >1. 

Epstein13  enhanced  SP-82  transfection  by  UV-irradiation  of  the 
recipient  cells,  and  Epstein  and  Mahler10  enhanced  SP-82  transfection 
by  pretransfection  exposure  of  competent  cells  to  UV-irradiated  DNA. 
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■  Transfection  of  Bacillus  subtilis  168  with  low  concentrations  of  SP-18  phage  DNA 
(molecular  weight  =  1  x  10°)  was  enhanced. by  U3ing  recipient  cells  at~S‘ concentration 
of  2  x  W /ml  rather  than  the  usual  2.  x  108/ml.  At  low  DNA  concentrations,  the 
slope  of  the  doae-response  curve  was  >1  at  the  high  recipient  cell  concentration, 
but  the  8 lope  was  =  1  at  the  low  recipient  cell  concentration.  A  similar  effect 
was  shown  with  SP-82  DNA,  01  DNA,  and  025  DNA,  all  having  molecular  weights  of 
approximately  1  x  10.  However,  029  DNA  v(mole  cular  weight=_2._5_x_.10/J?  gave  a 
first-order  dose-response  curve  at  both  high  and  low  recipient  cell  concentrations. 

We  interpreted  our  observations  as  Kelly  hypothesized  for  the  preservation  of  marker 
linkage  in  transformation;  i.e.,  the  lower  concentration  of  recipient  cells  resulted 
In  fewer  DNA  molecules  being  fragmented  as  a  result  of  attaching  to  two  cells. 

This  Interpretation  of  transfection  enhancement  is  different  from  the  previous 
explanation  as  an  inhibition  of  an  intracellular  inactivation  process^  T  \ 
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